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ABSTRACT
We revisit the orbital history of the Triangulum galaxy (M33) around the Andromeda galaxy
(M31) in view of the recent Gaia Data Release 2 proper motion measurements for both Local
Group galaxies. Earlier studies consider highly idealised dynamical friction, but neglect the
effects of dynamical mass loss. We show the latter process to be important using mutually
consistent orbit integration and N-body simulations. Following this approach we find an orbital
solution that brings these galaxies to within ∼ 50 kpc of each other in the past, ∼ 6.5 Gyr ago.
We explore the implications of their interaction using an N-body/hydrodynamical simulation
with a focus on the origin of two prominent features: 1) M31’s Giant Stellar Stream; and
2) the M31-M33 H i filament. We find that the tidal interaction does not produce a structure
reminiscent of the stellar stream that survives up to the present day. In contrast, the M31-M33
H i filament is likely a fossil structure dating back to the time of the ancient encounter between
these galaxies. Similarly, the observed outer disc warp in M33 may well be a relic of this
past event. Our model suggests the presence of a tidally induced gas envelope around these
galaxies, and the existence of a diffuse gas stream, the ‘Triangulum stream’, stretching for tens
of kpc from M33 away from M31. We anticipate upcoming observations with the recently
commissioned, Five-hundred-meter Aperture Spherical radio Telescope (FAST) that will target
the putative stream in its first years of operation.
Key words: Local Group, galaxies: interaction, galaxies: individual: Andromeda, galaxies:
individual: Triangulum, methods: numerical
1 INTRODUCTION
The archaeology of the Local Group is of profound importance in
modern astrophysics. Kourkchi & Tully (2017) show that the Local
Group is very typical of galaxy groups in the local Universe since
most are dominated by a few L? galaxies. There are many questions
we can ask about the Local Group that are presently impossible to
consider for any other group. Within a few decades, we are likely to
have 6D phase space coordinates for all major Local Group galaxies,
including many of the constituents like globular clusters and dwarf
galaxies. This may even allow us to ‘unravel’ the orbits over billions
of years to see how the Local Group has evolved dynamically.
M31 is comparable to or possibly larger than the Milky Way by
mass (e.g. Watkins et al. 2010; Diaz et al. 2014; Carlesi et al. 2017;
McMillan 2017). Many recent observations serve to show key differ-
ences between both systems, due to the different accretion histories
? ttepperg@gmail.com
over the past 10 Gyr (Kormendy 2013; Ferguson & Mackey 2016).
M31’s bulge is more dominant than the compact bulge/bar system in
the Milky Way (Courteau et al. 2011); its central supermassive black
hole is also 50 times more massive than Sgr A* (Bland-Hawthorn
& Gerhard 2016). Long-running stellar surveys reveal a wealth of
evidence for late major mergers throughout M31’s halo (SPLASH:
Gilbert et al. 2009; PHAT: Dalcanton et al. 2012; PAndAS: Ibata
et al. 2014). Notably, the PAndAS survey has spent the last decade
mapping out the environments of both M31 and M33 to reveal a
rich structure of faint stellar wisps and streams (McConnachie et al.
2009; Lewis et al. 2013; McConnachie et al. 2018).
The disk of M31 also shows major differences from the Milky
Way: these include a very active star formation history over the past
4 Gyr (Bernard et al. 2015; Williams et al. 2015), and a thick stellar
disc that dominates over the thin disc component (Dorman et al.
2015). The Milky Way’s recent history is relatively quiescent, in
particular, most of the stellar mass is locked up in a thin stellar disc.
The recent surveys of M31’s environment have focussed on
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the stellar components with the goal to understand M31’s assembly
history, but there are certainly important clues about its accretion
history from the gas phases as well. The limited neutral hydrogen
(H i) surveys to date have already revealed interesting structures,
e.g., Braun & Thilker (2004) identified H i between M31 and M33,
part of which was further resolved to discrete structures by the
GBT (Wolfe et al. 2013) and some was shown to display a coherent
structure (Kerp et al. 2016). Gas streams around M31 have been
detected in emission (21 cm H i; e.g. Lockman et al. 2012) and
in absorption (ultra-violet atomic transitions; Koch et al. 2015)
extending from M31 both away from and towards M33. Similarly,
the gas around M33 detected in the form of H i displays a disturbed
morphology (Putman et al. 2009). We need to understand where to
look near M31 and how we should target diffuse or clumpy gas. We
can also look for gas associated with the stellar streams, and address
open questions surrounding the known H i features. For example,
is the gas bridge observed between M31 and M33 the result of
an interaction (Bekki 2008) or rather the product of condensation
within an intergalactic filament (Wolfe et al. 2013, 2016)? What is
the origin of M33’s disturbed H i (and stellar) morphology?
New radio telescopes coming online, e.g., the Five-hundred-
meter Aperture Spherical radio Telescope (FAST; Nan et al. 2011;
Li & Pan 2016), will soon allow us to survey M31’s and M33’s
gas distribution more extensively and to lower column density
threshold, which can survive the cosmic and galactic ionising in-
tensity out to 50-100 kpc in galactic radius if sufficiently clumpy
(Bland-Hawthorn et al. 2017). With the FAST L-band array of 19
feed-horns (FLAN), we have realised an unprecedented commensal
survey mode for searching pulsars and imaging H i simultaneously
(Li et al. 2018), which enables a so-called deep Galactic-plane and
Andromeda Survey (GAS). GAS will be sensitive to H i column
density as low as 5 × 1016 cm−2, a significant improvement over all
previous studies.
Many of the issues surrounding how to interpret M31’s com-
plex environment come down to an incomplete understanding of
how it has interacted with M33, its most massive companion, in
the last few billion years. A close interaction (< 100 kpc) in the
past could in principle generate tidal features that survive today (e.g.
Putman et al. 2009; McConnachie et al. 2009). However, a recent
study based on ESA Gaia Data Release 2 (DR2) proper motions
(PM) of the M31/M33 system appear to rule out this possibility
(van der Marel et al. 2019). But this important study did not carry
out a self-consistent dynamical simulation, i.e., they did not con-
sider the problem of mass loss from either or both systems in their
backwards integration. Whether two systems are on first infall or
have experienced multiple orbits about each other cannot be re-
liably determined without consideration of mass loss (Nichols &
Bland-Hawthorn 2009).
We revisit the orbital evolution of M31 and M33 with a more
sophisticated treatment involving N-body simulations and forward-
backward orbit integration, accounting for dynamical friction and
dynamical mass loss in a self consistent way. Our work presents
the first combined N-body and hydrodynamical (HD) simulation
of the M31/M33 system to make use of the Gaia DR2 PM con-
straint. Earlier simulations of the tidal interaction between M31 and
M33 (e.g Bekki 2008; McConnachie et al. 2009) were constrained
by (now outdated) M33’s PM alone – since M31’s PM were not
available at the time, or targeted specific aspects of the rich struc-
ture observed around in and around either M31 (e.g. Hammer et al.
2018) or M33 (e.g. Semczuk et al. 2018). Our particular focus is the
distribution of the extended gas around both M31 and M33, with
a view to understanding their gas accretion history, and to aid our
upcoming observations with the FAST telescope.
2 ORBITAL HISTORY OF THE M31/M33 SYSTEM
2.1 Preliminaries
If one ignores their environment, the orbital history of two galaxies
with respect to one another is governed by the following factors: 1)
their relative position and velocity; 2) the mass distribution (i.e. the
gravitational potential) of each galaxy; 3) the effect of dynamical
friction (DF) of the galaxies action upon one another; 4) their mass
evolution, i.e. mass loss due to tidal stripping, generally experienced
by the smallest object. A widespread approach in inferring the
orbital history of two galaxies with respect to one other is to take
its present-day orbital parameters, and integrate the equations of
motion backwards in time. In doing so, each galaxy is approximated
by an extended body with a prescribed mass distribution. We refer
to this approach as ’semi-analytic orbit integration’ (SAOI).
This approach is a strict two-body calculation, and it therefore
necessarily ignores the effects of dynamical friction and dynamical
mass loss (a.k.a. tidal stripping). These need to be accounted for
using idealised parameterisations which themselves rely on a num-
ber of assumptions. A survey of the relevant literature reveals that,
quite surprisingly, it appears to be a common practice to ignore the
effect of tidal stripping altogether, with a few notable exceptions (e.g.
Jiang & Binney 2000; Nichols & Bland-Hawthorn 2009; Dierickx
& Loeb 2017).
This is true for the M31/M33 system as well. The common
orbital history of these galaxies has been repeatedly studied in the
past in response to improvements in the measurement of their PM
(e.g. van der Marel et al. 2012b; Salomon et al. 2016; Patel et al.
2017; Semczuk et al. 2018). Most recently, van der Marel et al.
(2019) have explored the implications of the new Gaia DR2 PM
for these galaxies. They concluded, as did van der Marel et al.
(2012b) and Patel et al. (2017) before them using different PM
data sets, that M33 is likely on its first approach to M31. However,
their calculations ignore the effect of tidal stripping (as did other
before them). These authors include the effect of DF in their analytic
calculations using the calibration with N-body simulations obtained
by van der Marel et al. (2012b). Interestingly, the latter find that
the semi-analytic M31/M33 orbit (projected into the future) decays
more rapidly compared to their N-body result. This is likely caused
by the absence of tidal stripping in their semi-analytic calculations.
We calculate anew the orbital history of M33 around M31
accounting for the effect of dynamical friction and mass loss due to
tidal stripping in a self-consistent way. To this end, we choose to use
the Gaia DR2 PM alone (and not, say, the weighted Gaia / Hubble
Space Telescope measurements; see van der Marel et al. 2019) since
they represent the most extreme of the PM measurements in the
sense that they have been claimed to exclusively support orbital
histories where M33 is on its first approach to M31 (van der Marel
et al. 2019). At the other extreme are the PM measurements by
Salomon et al. (2016), which allow orbital histories with at least one
close encounter between these galaxies with pericentric distances
well below 100 kpc (e.g. Semczuk et al. 2018).
Note that we ignore throughout the presence of additional
members of the Andromeda group as well as the Milky Way and
its satellites (e.g., the Magellanic Clouds) and their gravitational
perturbation of the M31/M33 orbit. As shown by Patel et al. (2017),
this is a valid approximation.
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2.2 Semi-analytic orbit integration
Our SAOI approach is as follows.1 The dynamics of the two-body
system is governed by the following coupled 3D equation of mo-
tions:
~¨r31 = −~∇φ33 , (1)
~¨r33 = −~∇φ31 + ~fdf , (2)
where r ≡ |~r33 − ~r31| is the relative distance between M31 and M33;
and ~fdf is the acceleration due to dynamical friction, discussed below.
The gravitational field is given by −~∇φ31,33(r) = −(GM31,33(r)/r2)rˆ .
Here, G is the gravitational constant, rˆ is the unit vector in the
direction of ~r, and M31,33(r) describe the mass distributions of M31
and M33 within r.
To obtain an orbital solution, we integrate the system of equa-
tions (1 - 2) backwards in time for roughly 8 Gyr using a leapfrog
(’kick-drift-kick’) scheme. This scheme is fully time-reversible, and
thus appropriate to ensure that the backwards and forward integra-
tion of the orbit are consistent with one another with a fixed time
step of ∆t = 10−3 Gyr, accounting for the effect of dynamical friction
and mass loss due to tidal stripping as described below. Note that
our adopted time step size is small enough to avoid energy drift.
Our orbital solution will depend on a number of factors: 1)
the value of the orbital initial conditions; 2) the mass model of
each galaxy; 3) the prescription to calculate the effect of dynamical
friction; and 4) the prescription to account for the effect of tidal
stripping. We describe each of these next.
2.2.1 Orbital initial conditions
The orbital initial conditions are set by the following present-day
orbital parameters. The position of M33 relative to M31 is (van der
Marel et al. 2012a; Semczuk et al. 2018)
~r0 = (−97 ± 23,−122 ± 35,−130 ± 19) kpc , (3)
corresponding to a present-day relative distance d0 = 203 ± 27
kpc. The total uncertainty is calculated assuming simple error
propagation and uncorrelated measurement error among the co-
ordinates. We adopt the central value of the velocity from the Gaia
DR2 proper motion (PM) measurements alone (van der Marel
et al. 2019), ~v0;31 = (0 ± 75, 176 ± 51,−84 ± 73) km s−1 and
~v0;33 = (49 ± 74, 14 ± 70, 28 ± 73) km s−1, which yield a relative
velocity of
~v0 = (49 ± 105, 190 ± 87, 112 ± 104) km s−1 , (4)
corresponding to a present-day relative space velocity of v0 =
226 ± 92 km s−1, with a radial component of -209 km s−1, and
a tangential component of 85 km s−1. The uncertainty on these PM
measurements is still large, but consistent within 1σ with earlier
measurements taken with the Hubble Space Telescope (HST; van
der Marel et al. 2012b). All of the above given values can be found
in Tab. 1.
2.2.2 Gravitational potential
For the purpose of our SAOI, we approximate M31 and M33 each by
a spherical DM halo, and ignore for now other components (stellar
bulge, stellar disc, gas disc, hot halo). Since the mass of each galaxy
1 Our integration code is freely available upon request via email to the
corresponding author (TTG).
is dominated by its host DM halo, and the shortest relative distance
between the galaxies is well beyond their optical radii along any
plausible orbit, this approximation does not affect our orbital integ-
ration. Indeed, as we show in the next section, the orbital history
we find with our SAOI approach agrees well with the correspond-
ing result obtained from a pure N-body simulation – which does
account for the full multi-component nature of the two galaxies,
thus indicating that the error introduced by our approximation is
negligible. It is perhaps important to note that the total mass and its
distribution both in M31 and M33 are still highly uncertain. This
allows us to choose suitable parameter values within a broad range
consistent with observations.
Following Patel et al. (2017), M31’s DM host halo is assumed
to be well described by a Navarro et al. (1997, NFW) profile; the
DM halo of M33 is approximated by a Plummer (1911) sphere.
Each galaxy model is then fully specified by its total mass Mt, a
scale radius rs, and a truncation radius rtr (see Tab. 2). The total
mass of our M31 model is ∼ 2 × 1012 M and of our M33 model,
∼ 1.6 × 1011 M.
The mass of M31 is consistent with the upper limit of the mass
of this galaxy based on limits to the total mass of the Local Group
(∼ 3 × 1012 M; e.g. Diaz et al. 2014, see also Fardal et al. 2013),
and independent estimates of the mass of the Milky Way (∼ 1× 1012
M; e.g. McMillan 2017).
The mass of M33 we adopt is lower than traditional estimates
based on the modelling of its observed rotation curve. Using this
approach, Kam et al. (2017) estimate a virial mass for M33 of
∼ 5 × 1011 M (see also Corbelli et al. 2014) . As discussed by
these authors, however, with a baryonic mass of order . 1010 M,
the baryonic:total mass fraction in M33 is only . 2 percent, well
below the typical value for disc galaxies (∼ 7 percent; e.g. Zaritsky
et al. 2014). Estimates of the mass of a galaxy based on the rotation
curve alone out to radii beyond the maximum observed extension
are highly model dependent. If instead we assume the estimates
of the total baryonic fraction to be more robust, then the average
baryon:total mass fraction in disc galaxies implies a total mass for
M33 at the present-epoch of ∼ 1.5 × 1011 M, consistent with the
value we adopt.
2.2.3 Dynamical friction
Given its larger mass, M31’s DM halo is likely to be more extended
than M33’s at all times. Therefore, we assume that M33 experiences
the effect of dynamical friction by the DM matter field of M31 but
not vice-versa. This assumption is reflected in the form of equations
(1) and (2). Following previous work, the acceleration due to dy-
namical friction is accounted for using a special case derived from
the generic Chandrasekhar formula:
~fdf = −4piG2 ln Λ ρdm31M33
{
erf
[
χ
] − 2χ√
pi
exp
[
−χ2
]} ~v
v3
, (5)
where ρdm31 (r) describes M31’s DM density field; v ≡ |~v| is the
relative velocity of M31 and M33; erf[·] is the error function,
χ ≡ v/√2σdm(r); here, σdm(r) is the one-dimensional velocity
dispersion of M31’s DM matter field. The term ln Λ is the Coulomb
logarithm, discussed below.
It is worth keeping in mind the assumptions underlying equa-
tion (5). First, it is assumed that the mass of the DM particle is
negligible compared to M33’s total mass at any point along the orbit,
i.e. M33(r)  mdm. Second, it is assumed that the velocities of the
DM particles obey a Maxwellian distribution. While the former may
seem reasonable, the latter may in fact not be justified in general.
MNRAS 000, 1–13 ()
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The velocity dispersion is calculated using the analytic fit by
Zentner & Bullock (2003):
σdm(r) = vmax
1.4393 x0.354
1 + 1.1756 x0.725
, (6)
appropriate for an NFW profile and accurate to 1 percent in the
range x = [10−2, 102]. Here, x = r/rs and vmax is the peak value of
the circular velocity of the DM halo,2 which for an NFW profile is
found at a distance from the centre r ≈ 2.16rs.
The Coulomb logarithm is a measure of the scattering between
the object experiencing dynamical friction and the background mat-
ter field responsible for the latter. The Coulomb logarithm is, in fact,
unknown in most cases of interest in galactic dynamics, and a num-
ber of parameterisations exist. We adopt Hashimoto et al. (2003)’s,
ln Λ = r/1.4. Here,  is the so-called ‘softening length’, usually
taken to be the (equivalent) Plummer scale radius of the mass model.
It is a free, and thus a tuneable parameter. Its value can only be
guessed, and it is best set via a trial-and-error approach in an iterat-
ive way comparing the outcome of the SAOI and a corresponding
N-body simulation. We note that other authors (see Sec. 2) adopt
slightly different values for the constant factor in the denominator.
This is irrelevant since it is the product of this factor and  that de-
termines the behaviour of this particular parametrisation of ln Λ. As
discussed in the next section, the value that leads to the best match
between our SAOI and an N-body simulation is  ≈ 3.6 kpc. It is
worth noting that, somewhat ironically, the latter value is roughly
a fraction 1/5 of the value of the Plummer scale radius we use for
M33’s mass model (see Tab. 2).
2.2.4 Dynamical mass loss
As mentioned earlier, a key difference between our approach and
similar previous work is that we take into account the effect of mass
loss due to tidal stripping. We assume that only M33 experiences
the effect of stripping by the tidal field of M31. In other words, we
assume that M31’s mass is constant during the orbital evolution
of the two galaxies, and it does not require any special treatment
during the approach outlined below. This also implies that we neglect
M31’s cosmological mass evolution. This approximation should,
however, not affect our results significantly. A recent statistical
analysis of mass assembly in large-scale cosmological simulations
(Santistevan et al. 2020) suggest that M31-like galaxies had typically
acquired well above 50 percent of their present-day mass by the
time M33 experiences a close encounter with M31 in our new orbit
(see Sec. 2.2.5).
Following Nichols & Bland-Hawthorn (2009), tidal stripping
is implemented as follows. First, we calculate the tidal radius rt of
M33 at each time step via (Klypin et al. 1999)(
r
rt
)3 M33(rt)
M31(r)
= 2 − r
M31(r)
dM31(r)
dr
. (7)
Usually, one assumes that the mass beyond the tidal radius is lost
at any point along the orbit, in particular at each pericentric pas-
sage (because the tidal radius is smallest there).3 But this is a valid
2 In practice, we use a root finding algorithm to obtain vmax from the expres-
sion for the NFW circular velocity,
v2c (r) = 4piGρ0r
2
s
[
ln(1 + x)
x
− 1
1 + x
]
,
where ρ0 is the density scale of the corresponding NFW profile.
3 The tidal radius is implicitly defined in equation (7) and it needs to be
solved for with a root finding algorithm. We use the Brent method.
assumption only when moving forward in time along the orbit. A
critical aspect in our approach is how to handle the effect of tidal
stripping when integrating backwards in time. The inverted time
arrow implies that mass has to increase. This is indeed a non-trivial
task because calculating the bound mass at each pericentric passage
recursively requires knowledge of the earlier (in time) bound mass
(or the earlier pericentric distance), which is impossible unless the
full orbit is known in advance.
Our strategy to tackle this difficulty is as follows. We assume
an arbitrary reference mass and a present-day (initial) bound mass
for M33. We integrate the orbit until we identify the first pericentric
passage (if any) along the orbit, and calculate there the tidal radius
and the corresponding bound mass of M33 using the reference mass.
The new bound mass is then set to the maximum of the previous
and the new bound masses, which ensures that M33’s mass is a
monotonically increasing function along the backwards orbit.
The previous steps are repeated until the integration time is
reached. The last bound mass obtained defines M33’s infall mass.4
Its value is used together with its corresponding orbital parameters
as input for a forward integration. When integrating forward in
time, we ensure that whenever the tidal radius increases (as a result
of an increased relative distance between the galaxies), the bound
mass does not increase. In other words, M33’s mass is a strictly
monotonically decreasing function along the forward orbit – i.e., the
inverse behaviour of M33’s mass when integrating backwards.
We note that the use of a reference mass renders our approach
not fully self-consistent at first because, during a backwards integra-
tion, the potential of M33 is defined by the reference mass, while
the mass that enters into the calculation of the dynamical friction
force is given by the bound mass at that point along the orbit. To
guarantee self-consistency, one needs to make sure that the final (i.e.,
present-day) mass resulting from the forward integration matches
(as closely as possible) the initial bound mass used for the back-
wards integration. Consistency with observations dictates the initial
bound mass be given by the value of M33’s present-day mass. The
reference mass is thus the only free parameter in our approach to
account for dynamical mass loss. The sole constraint on it is that it
must be larger than the present-day mass of M33. It is important to
realise that the reference mass is simply an auxiliary quantity that
has no physical meaning and that plays no role in the final orbital
solution once this has been found. In particular, the reference mass
does not enter the calculation of the forward orbit.
Following a simple trial-and-error approach, and with some
intuition, it has taken us on the order of 10 attempts to find the value
of the reference mass such that the value of the infall and the final
bound masses of M33 obtained during the backwards integration
are consistent with their corresponding values obtained during the
corresponding forward integration.5
We find that a reference mass for M33 of 3.55 × 1011 M
yields a present-day mass (at τ = 0 Gyr) of 1.31 × 1011 M, and an
infall mass (at τ ≈ −8 Gyr) of 2.31 × 1011 M. Integrating forward
(starting at τ ≈ −8 Gyr) adopting an infall mass of 2.63 × 1011 M
results in present-dat mass (at τ = 0 Gyr) of 1.56 × 1011 M. It is
worth emphasising that there is no need for a reference mass when
integrating forward. The infall masses in both cases are broadly
4 In this context, ‘infall’ simply refers to the epoch at which we start the
calculation of the forward orbit, i.e., at ∼8 Gyr in the past. A more physically
motivated definition could refer to the epoch at which M33 first crosses
M31’s virial radius. However, this distinction is irrelevant here.
5 This procedure can be automated using an optimisation algorithm. We
defer this task to a future work.
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Table 1. Infall- and present-day parameters. All values correspond to properties of M33 relative to M31. In all cases the relative position at infall (∼ 8 Gyr in the
past) is ~r−8 = (−321, 306,−172) kpc, corresponding to a relative distance of 475.7 kpc, and the relative velocity at infall is ~v−8 = (175,−107, 116) km s−1,
corresponding to a relative speed 235.3 km s−1. Position and distances in kpc; velocities and speeds in km s−1. No errors given for results other than those
obtained from observations.
Position ~r0 = (x, y, z) Distance Velocity ~v0 = (vx, vy, vz) Speed
Observations
(−97 ± 24,−122 ± 35,−130 ± 19) 203 ± 27 (49 ± 105, 190 ± 87, 112 ± 104) 226 ± 92
SAOI
(-86,-133,-124) 201 (37,190,101) 219
N-body
(-66,-163,-140) 224 (4,186 ,71) 199
N-body/HD
(-64,-139,-126) 198 (14, 201, 83) 218
consistent with each other. Most importantly, the infall mass in
the forward integration is consistent with the initial M33 mass of
our N-body simulation. Similarly, the present-day mass in either
the forward or the backward integration is consistent with the our
estimate for the present-day mass of M33 (∼ 1.5 × 1011 M; see
above).
Using these values together with our best value for , a back-
wards integration of the M31/M33 system by roughly 8 Gyr into
the past constrained by their present-day orbital parameters (eqs. 3
and 4) yields a relative infall position between the galaxies ~r−8 =
(−321, 306,−172) kpc, corresponding to an infall relative distance
of 475.7 kpc, and a relative infall velocity ~v−8 = (175,−107, 116)
km s−1, corresponding to an infall relative speed 235.3 km s−1.
We stress that the values of the reference mass and  are partic-
ular to the orbital parameters and to the galaxy mass distributions
considered here, and there is no guarantee that, nor an obvious
reason why, these values should be valid in general.
2.2.5 Orbital history
The results from our SAOI calculation just described are displayed
in Fig. 1. The left panel shows the orbital histories that result from
a backwards integration accounting for the effect of tidal stripping
(crosses; ×; henceforth referred to as ‘second infall’) or without
it (dashed curve). The latter result – which corresponds to a ’first-
infall’ scenario, is virtually identical to the orbital history calculated
by Patel et al. (2017, their ‘high-mass M31/high-mass M33’ case),
and serves as a cross-check for our calculations.
The right panel of Fig. 1 displays the distance (top) and the
speed (bottom) between M31 and M33 along their common orbit in
our second-infall scenario. The observed relative distance and the
observed relative speed are indicated in each case by the horizontal
dashed line and the shaded area. The full 3D information is displayed
in Tab. 1. Both the relative distance and the relative speed resulting
from our SAOI calculation match their observed counterpart well
within their corresponding uncertainty.
Our time integration (leapfrog) scheme is time-reversible by
construction, even accounting for the effect of dynamical friction.
Our prescription to account for mass loss via tidal stripping is it as
well to a good approximation. In the left panel of Fig. 1 we visually
compare the result from our forward (solid curve) and backward
(crosses; ×) calculations. The agreement between these indicates
that our backwards and forward orbital calculations are consistent
with each other. It also shows that the reference (auxiliary) mass has
no effect on the orbital solution, as claimed above.
The striking difference between the backwards orbit indicated
by the crosses (second infall) and the backwards orbit indicated by
the dashed curve (first infall) displayed in the left panel of Fig. 1
demonstrates that the effect of mass loss due to tidal stripping sig-
nificantly changes the nature of the orbital solution. This result is
the interplay between two factors. First, the initial (i.e., present-day)
M33 mass of the first-infall orbit is higher (∼ 2.6 × 1011 M) com-
pared to initial mass used in the second infall orbit (∼ 1.3 × 1011
M). This is necessary for consistency. It ensures that the infall
mass in both cases is roughly equal (i.e., ∼ 2.6 × 1011 M). Second,
the fact that a reference mass (3.55 × 1011 M, higher than either
of the initial masses) is needed when tidal stripping is accounted
for in a backwards integration.6 As already stated (Sec. 2.2.4), the
initial mass affects the behaviour of the dynamical friction, but the
effective gravitational attraction between the galaxies is determined
by the reference mass. Therefore, a higher initial mass leads to a
stronger ‘repulsion’ when integrating backwards. At the same time,
a higher reference mass yields a stronger pull between the galax-
ies. In consequence, the galaxies reach a larger separation over a
given time span when tidal stripping is neglected, which results in
the orbit without a close encounter (first infall). We stress that the
inconsistency between which mass dominates which effect when
accounting for dynamical mass loss becomes irrelevant once an or-
bital solution has been found, provided the orbit as well as the infall
and present-day masses in a backwards integration and a forward
integration are consistent with one another, as is the case here.
The strong effect of tidal stripping on the orbital evolution is
clearly manifested by the forward integration. The dot-dashed curve
in the left panel of Fig. 1 shows the orbit resulting from identical
initial conditions (infall mass, orbital parameters) as used in the
second-infall solution (solid curve), but ignoring the effect of tidal
stripping. These orbital histories are identical up to a few million
years after the pericentric passage. As a result of tidal stripping
then, M33 loses roughly half its mass, and the effect of DF becomes
smaller, thus allowing the galaxy to reach a greater distance from
M31. In contrast, ignoring mass loss due to tidal stripping leads to
a stronger DF effect and thus a stronger orbital decay. So strong in
6 The initial mass and reference mass are one and the same when tidal
stripping is neglected, of course.
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Figure 1. Orbital history of the M31/M33 system. Left: A comparison of the orbital history obtained with a backwards (‘bck’) or forward (‘fwd’) SAOI with
tidal stripping (referred to as ‘second-infall’) or without it (‘first-infall’). Note that the solid curve overlaps with the dot-dashed curve from infall (at ∼ 8 Gyr in
the past) up to the pericentric passage (at τ ≈ 6.5 Gyr). The infall epoch and the present-day are flagged by a look-back time of τ ≈ −8 Gyr and τ = 0 Gyr,
respectively. Right: Relative distance (top) and relative speed (bottom) between M33 and M31 in a second-infall scenario. The solid curves correspond to the
result of our forward SAOI calculations. The plus signs (+) and the open circles () correspond to the distance (top) and speed (bottom) between M31 and
M33 in an N-body simulation and a combined N-body/HD simulation, respectively. The gray-shaded area indicates either the observed relative distance or the
observed relative speed and its associated uncertainty. In this panel, the infall epoch and the present-day are indicated by t = 0 Gyr and t ≈ 8 Gyr, respectively.
Note that the orbital history indicated by the solid curve in the left panel is identical to that indicated by the solid curve in the top sub-panel on the right.
fact that M33 undergoes a number of additional pericentric passages
before merging with M31.
It is worth noting that orbital solutions of the second-infall type
with close encounters (< 100 kpc) are not new. Patel et al. (2017)
make use of the HST PM – which are consistent with the Gaia PM
(van der Marel et al. 2019), and find orbital solutions with typical
pericentric distances of ∼100 kpc, and as low as ∼50 kpc. Semczuk
et al. (2018) find orbital solutions with pericentric distances even
below 50 kpc, but their results are based on orbital parameters which
are not consistent with the Gaia DR2 PM measurements. However,
our self-consistent orbital solution with a pericentric passage below
50 kpc based on the Gaia DR2 PM alone is a previously unknown
result.
In summary, with a full account of the relevant physical pro-
cesses at play (gravity, dynamical friction, tidal stripping) we have
found a new orbit along which M33 underwent a close (. 50 kpc)
pericentric passage from M31’s centre some 6.5 Gyr ago. The ques-
tion then arises of how this close encounter affected the evolution of
these galaxies, and whether there are fossil imprints of this interac-
tion observable today. In order to address this question, we resort to
a combined N-body/HD simulation of the infall of M33 into M31.
3 THE INFALL OF M33 ONTOM31
Prior to exploring the consequences that the orbital history we have
found, we need to ensure we can recover our SAOI solution with
a combined N-body/HD simulation. This is a necessary step given
the simplifying assumptions underlying our SAOI calculation, in
particular the idealised form of the dynamical friction and the pre-
scription to account for dynamical mass loss. For now we opt to
address this in an iterative way, as described below.7 Because N-
body/HD simulations are expensive, we choose to use first pure
N-body simulations.
3.1 A minimal N-body model
Dynamical friction and tidal stripping are naturally and self-
consistently accounted for in N-body simulations, provided N is
‘large’ enough. Thus, for a given set of initial orbital parameters
the most important factors determining the outcome of an N-body
simulation of the infall of M33 into M31 is the mass model used to
approximate each of the galaxies.
In contrast to our SAOI, we now assume that both M31 and
M33 are multi-component systems each consisting a stellar disc em-
bedded within a host DM halo. In addition, M31 is assumed to host
a stellar bulge, as observed (q.v. Mould 2013). The adopted profile
and structural parameters for each of the components of each galaxy
are given in Tab. 2. Note the we ignore the gaseous components for
now. These will be taken into account in our combined N-body/HD
simulation discussed in the next section.
Other physical factors that likely affect the outcome of an N-
body simulation include the initial orientation of the galaxy spins
relative to their orbit. Following Semczuk et al. (2018), M31’s spin
is initially roughly pointing along the z-axis; the spin of M33 is
initially pointing the negative x-axis.
To follow the simplest approach possible, we consider  to be
the only free parameter of our SAOI calculation. With this assump-
tion, we proceed to verify our semi-analytic as follows. First, we
obtain the infall orbital parameters obtained from a backwards in-
tegration adopting a first guess for the value of . A common choice
7 See Footnote 5.
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Table 2. Relevant model parameters (initial values). Column headers are as
follows: Mt := total mass (109 M); rs := scalelength (kpc); rtr := truncation
radius (kpc); N := particle number (105); Z := gas metallicity (Z).
Profile Mt rs rtr N Z
M31
DM halo NFW 1910 11.7 326 10 –
Stellar bulge a H 11.2 1 4 1 –
Stellar disc a Exp 80.7 7.3c 40 10 –
Hot halo NFW 3.10 11.7 326 – 0.3
Gas disc Exp b 7.2 5 5.0 d 60 – 0.3
M33
DM halo Plu 282 17.9 197 10 –
Stellar disc a, f Exp 5.8 2.5e 25 5 –
Gas disc Exp b 5.8 2.5 40 – 0.2
Notes. NFW, Navarro et al. (1997) profile; H, Hernquist (1990) profile; Plu,
Plummer (1911) profile; Exp, Radial exponential profile
a The stellar metallicity is ignored as it is of no relevance for our study.
b In vertical hydrostatic equilibrium initially at T = 104 K
c Scaleheight set to 1 kpc.
d Scaleheight set by vertical hydrostatic equilibrium (‘flaring’ disc).
e Scaleheight set to 0.5 kpc.
f Toomre’s Q > 1.8 everywhere initially (Tenjes et al. 2017)
is to set  to the (equivalent) Plummer scale length of M33’s mass
model (see Tab. 2). Then, we use these orbital parameters and an
N-body representation of M31 and M33 to run a simulation forward
in time. We then compare the orbital history of M33 relative to M31
obtained in the simulation to the SAOI result. In the likely event
that no good agreement is found, we tune the value of  and repeat
the previous steps until a good match between our SAOI calculation
and the N-body simulation is obtained. Our best value thus obtained
is  ≈ 3.6 kpc. The infall orbital parameters obtained from the back-
wards integration at ∼ 8 Gyr in the past are ~r−8 = (−321, 306,−172)
kpc, and ~v−8 = (175,−107, 116) km s−1.
We generate the pure N-body and the N-body/gas represent-
ations for each galaxy with the dice code (Perret et al. 2014). The
corresponding initial conditions – both the pure N-body and the
N-body/hydrodynamic run – are evolved with the Ramses code (ver-
sion 3.0 of the code last described by Teyssier 2002). The limiting
spatial resolution in our simulations is & 60 pc at all times. The mass
resolution for each component can be easily obtained from Tab. 2,
columns 3 and 6.8 Our combined N-body/HD simulation includes
the effect of radiative cooling of the gas by hydrogen, helium and
heavy elements, and heating by the cosmic ultra-violet radiation
background, but it does not include additional sub-grid physics such
as star formation or feedback of any kind. This implies that our
model as is cannot be used to make any statements about the de-
tails of the ionisation state of the gas, or the details (formation, age,
chemical composition and its distribution) of the stellar components
of the galaxies.
We kindly refer the reader to our previous work (Tepper-García
et al. 2019, and references therein) for more details on our simulation
technique.
The orbital history that results from our N-body simulation is
displayed in the right panel of Fig. 1 and is indicated by the plus
8 The setup files used to create initial conditions as well as those containing
further details about the simulations are freely available upon request to the
corresponding author (TTG).
signs (+), along with the corresponding results from our forward
semi-analytic integration (solid curve). The values of the corres-
ponding 3D position and the 3D velocity are given in Tab. 1. The
relative position and the relative velocity of the galaxies in our N-
body simulation are calculated by estimating the centre of mass and
centre of velocity of each galaxy’s stellar disc at each time step.9 We
do this in an iterative way until their respective value convergence
within some tolerance to take into account strong anisotropies in
both the mass and the velocity distribution caused by tidal distortion.
The calculation of the centre of velocity is performed in the same
way. However, it bears the additional complication that the velocity
of the individual stars is superimposed on the barycentre’s motion
as they revolve around the potential’s centre. This explains the lar-
ger departure of the relative speed relative to the SAOI result. In
contrast, the relative position in the N-body model faithfully follows
the SAOI result.
The results of Fig. 1 and Tab. 1 demonstrate that orbital history
obtained from our N-body simulation are consistent with the SAOI
result. This is indeed remarkable considering all the simplifying
assumptions factored into our SAOI calculations. It must be men-
tioned though that the difference between the present-day orbital
parameters obtained from our N-body simulation and their observed
counterpart is larger than the difference between the latter and our
SAOI result. Nonetheless, we are confident that the physical pro-
cesses at play relevant to the dynamical evolution of the M31/M33
system (gravity, dynamical friction, tidal stripping) are captured
correctly in our N-body model. We believe that extensive tuning of
the free parameters of the model (galaxy masses; their spin orient-
ation, of each galaxy; , etc.) – constrained by observations where
possible – may yield a better match between the present-day orbital
parameters of the M31/M33 system as observed and their corres-
ponding values resulting from an N-body simulation. That said, a
more thorough exploration of the orbital parameter space is left for
future work.
We thus consider the agreement between the observed present-
day orbital parameters of the M31/M33 system and the result from
our N-body model good enough for our present purpose, and pro-
ceed to model the infall of M33 into M31 using a combined N-
body/HD simulation.
3.2 A full gas-dynamical model
In our N-body/HD model, each of the galaxies is assumed to host
a gas disc, in addition to the collisionless components described
in the previous section. Semczuk et al. (2018) demonstrated the
importance of a hot halo around M31 in order properly account for
the effect of ram pressure onto the gas around M33. Therefore, our
M31 model includes a hot halo as well. We note that Semczuk et al.
(2018) did not specify the metallicity of the hot halo (M31) or the
gas disc (M33). This is important if the effect of radiative cooling of
the gas is accounted for, as we do. Guided by the corresponding
values of the Milky Way (Miller & Bregman 2015; Hou et al. 2000),
we adopt a value of 0.3 solar for the metallicity of the M31’s gas
components, and a slightly lower value of 0.2 solar for M33’s
gas disc. The galaxies are embedded in a diffuse background me-
9 Using the position of centre of mass of their respective DM halo yields
virtually identical results.
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Figure 2. Distribution of stars in the M31/M33 system at the present epoch, i.e., ∼ 7 Gyr after M33 first crossed M31’s virial radius and ∼ 6.5 Gyr since their
closest encounter, in our N-body/HD simulation. From left to right, each column corresponds to the full 3D state of the system projected along the x-, y-, and
z-axis, respectively. The gray scale indicates the logarithmic value of the stellar surface density in units of M kpc−2. Note that the coordinate frame has its
origin at the initial (i.e., at the start of the simulation) position of M31’s centre of mass.
dium10 with a mean temperature ∼ 106 K and a density ∼ 10−7 cm−3.
Rendered animations of the evolution of the M31/M33 system
can be found at http://www.physics.usyd.edu.au/~tepper/
proj_m31m33.html.
4 TIDAL STRUCTURES: ECHOES OF A PAST
INTERACTION
The stellar halo of M31 is observed to feature a rich variety of struc-
tures which are likely the result of an extended period of interaction
with – and accretion of – smaller systems. The most remarkable of
these structures, the Giant Stellar Stream (GSS; Ibata et al. 2001),
extends well beyond a projected distance of 40 kpc from M31’s
central region along the line towards M33. Using N-body models,
Fardal et al. (2006) have attributed the origin of this structure to the
recent interaction (∼ 750 Myr ago) of M31 with a relative small
companion (∼ 109 M). Others (e.g. Hammer et al. 2018) argue
for a major merger event as the source of the GSS. In view of the
new orbital history presented here, it is worth exploring whether the
origin of this structure could be attributed to a close encounter with
M33 in the distant past
Similarly, the observed distribution of gas around M31 strongly
suggests that this galaxy has had a number of interactions with
its companions. The H i filament along the projected line linking
M31 with M33 (Braun & Thilker 2004; Lockman et al. 2012; Kerp
et al. 2016) is of particular interest. This gaseous structure has
been interpreted as either resulting from an interaction between
these two galaxies (e.g. Bekki 2008) or the product of condensation
within an intergalactic filament (Wolfe et al. 2013, 2016). The latter
interpretation has gained support lately as a result of the claims
that M33 may be on its first approach to M31 (e.g. van der Marel
et al. 2019). But our orbital calculations anew render the interaction
scenario a plausible alternative as the potential origin of the H i
filament, as we discuss below.
10 The density background is likely much more diffuse than the intergalactic
medium (IGM) in the Local Group. We opt for such a tenuous medium to
deter the gas filling the simulation volume from collapsing over the course
of the simulation.
4.1 Stellar morphologies
The present-day distribution of stars in the simulated M31/M33
system is displayed in Fig. 2, projected along three orthogonal dir-
ections. This choice has no other motivation than simplicity. While
none of the three resulting views fully matches the configuration of
M31/M33 as seen on the sky, this is of no concern as we still have
not exploited the freedom given by the isotropy of the simulation
volume, which allows is to rigidly rotate the xyz-coordinate system
in whichever way we see fit, nor have we adjusted the relative ori-
entation of the initial spin of each galaxy with respect to their infall
orbital parameters. With this in mind, we proceed with a qualitative
comparison between our simulation results and observations.
The most apparent characteristics of the simulated M31/M33
systems visible in the top row of Fig. 2 are the lack of notorious
stellar substructure around M31. In contrast, M33 displays a number
of tidal stellar features (see Sec. 4.3). The close encounter between
these galaxies in our model does result in both systems displaying
strong tidal features around each other shortly thereafter. But M31
settles quickly so that it appears fairly undisturbed today, in contrast
to observations. In particular, the simulated M31 does not display
a structure reminiscent of the Giant Stellar Stream. Since we have
ignored the presence of M31’s satellites other than M33, the dis-
agreement between our model and the data is consistent with the
belief that most of the stellar substructure around M31 observed
today is either due to interactions with its low-mass companions
(e.g. Fardal et al. 2006; Williams et al. 2015) or the result of an
ancient major merger (Hammer et al. 2018).
4.2 Gas streams
The simulated M31/M33 system displays a spectacular gas distri-
bution at the present epoch (Fig. 3). Both galaxies show tidal gas
streams around them, extending for at least tens of kpc from their
respective centre. Yet, the gas distribution around M31 appears more
settled compared to M33, as does its stellar component (see previous
section). The prominent gas stream extending from M31 away from
M33 is reminiscent of the H i stream detected north of M31 (see
Braun & Thilker 2004, their figure 9; Wolfe et al. 2016, their figure
1).
A panoramic view of the gas around the simulated M31/M33
system is shown in Fig. 3. M31 features a second prominent stream
which extends all the way to M33, akin to the observed M31-M33
H i filament, without a stellar counterpart. We note that the forma-
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Figure 3. Distribution of gas in the M31/M33 system at the present epoch, i.e. ∼ 7 Gyr after M33 first crossed M31’s virial radius and ∼ 6.5 Gyr since their
closest encounter, in our N-body/HD simulation. From left to right, each column displays the density of gas projected along the x-, y-, and z-axis, respectively.
Only the gas initially bound to M31 and M33 is shown. The contour levels indicate, starting from the innermost, a logarithmic total gas column density
(log[ Ngas/cm−2]) from 19 dex to 17 dex in steps of 0.4 dex. Note the difference in physical scale with respect to the panels in Fig. 2. Gas structures reminiscent
of the observed H i cloud complex north of M31 and of the M31-M33 H i filament are apparent in the central panel, in particular. The prominent, diffuse gas
structure extending from M33 away from M31, here referred to as the ‘Triangulum stream’, is yet to be observed. The stream has been tagged in the central
panel only but it is clearly visible in the other projections as well. Note that the coordinate frame has its origin at the initial (i.e. at the start of the simulation)
position of M31’s centre of mass.
tion epoch of this gas bridge dates back to the epoch of the close
encounter between the galaxies, and apparently survived up to the
present-day in our simulation.
In addition to the gas bridge between the galaxies, M33 fea-
tures a gas stream that trails from the galaxy for more tens of kpc –
henceforth referred to as the ‘Triangulum stream’. This gas stream
is not apparent in any of the H i maps available to date, although
it may be discernible in the data presented by Putman et al. (2009)
and Keenan et al. (2016). Our model suggests that the Triangulum
stream is very diffuse, with total gas column densities Ngas . 1018
cm−2. Thus, we speculate that, if real, it has not been observed in H i
emission because of its low H i column density, which may result
from an overall low gas column density and/or a high ionisation
fraction of the gas; or because its distribution could be clumpy
(Bland-Hawthorn et al. 2017). However, without an appropriate
treatment of the ionisation state of the gas accounting for its chem-
ical composition, for the ionisation field of the M33 and for the
ultra-violet background, and a sufficiently high grid resolution, we
cannot as yet make a more quantitative statement about the H i con-
tent of the Triangulum stream. Such an endeavour extends beyond
the scope of the present paper and is left for future work.
The reason for the more extended distribution of gas com-
pared to the stars, and the existence of gas streams with no stellar
counterpart is that, in addition to tidal forces, the gas is subject to
hydrodynamic forces exerted by the IGM as the galaxies move along
their orbit. Therefore, the properties of the gas streams will largely
depend on the properties of the IGM. In particular, a IGM signific-
antly denser than we have adopted in our model will likely yield
to the formation of denser trailing tidal gas streams, and weaker
leading ones around M33 as a result of the enhanced ram pressure
ahead of the galaxy (q.v. Tepper-García et al. 2019).
The initial extension of the gas disc relative to the stellar
disc may also play a role in the different configuration of gas
streams relative to stellar streams (Mihos 2001). In our model we
have assumed indeed very extended gas discs (& 40 kpc) for both
galaxies. In the case of M31, this does not seem implausible, given
that the Milky Way is believed to have a gas disc that extends out to
∼ 60 kpc (Kalberla & Kerp 2009). The H i disc of M33 is observed
to extend at least out to ∼ 25 kpc (Corbelli et al. 2014), and it
is not unreasonable to assume that its ionised edge may extend
beyond that (Bland-Hawthorn et al. 2017). It is also possible that its
extension at infall was much larger than that. Thus, while most of
the stars sit close to the potential’s centre, a non-negligible fraction
of the gas is loosely bound and gets more easily stripped.
To sum up, our model indicates that the Giant Stellar Stream
is unlikely the result of an encounter in the distant past between
M31 and M33. But the H i filament observed between these galaxies
can be naturally explained in this scenario, at least qualitatively.
Our model suggests that this structure is ancient, dating back to the
epoch of the close encounter between the galaxies, some 6.5 Gyr
ago. Incidentally, our model predicts the presence of a yet to be
observed gas stream, the Triangulum stream, that trails M33 as it
moves towards M31.
4.3 The morphology of M33
Although somewhat beyond the scope of our present study, we
would like to highlight some interesting features in the morphology
of the simulated M33. First, it is worth noting the difference in
the stellar morphology between the pure N-body model and the
N-body/HD model. In the former, M33 quickly forms a bar shortly
after its close encounter with M31 which survives up to the present
day in the simulation (Fig. 4, top row). In contrast, the N-body/HD
model M33 does not (Fig. 4, bottom row).
The latter is relevant in the context of the M33’s present-day
dynamical state, which has recently been revisited by Sellwood et al.
(2019). Performing an extensive study using N-body/HD simula-
tions, they have found that any dynamical model broadly consistent
with M33’s observed properties is unstable to the formation of a
strong bar within a short time-scale (< 1 Gyr), contrary to what is
observed. We note that their models consider M33 only in isolation.
Clearly, our result is in tension with their findings. A prelimin-
ary analysis of the structural properties of both our N-body and
N-body/HD M33 models performed in cooperation with J. A. Sell-
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Figure 4. Simulated distribution of stars (and gas) in M33 at the present epoch, i.e. ∼ 7 Gyr after M33 first crossed M31’s virial radius and ∼ 6.5 Gyr since their
closest encounter. From left to right, each panel displays the configuration of M33 projected along the x-, y-, and z-axis, respectively. Top: N-body simulation.
The gray scale indicates the logarithmic value of the stellar surface density in units of M kpc−2. Note the warp of the disc and the presence of a bar at the
galaxy’s centre. Bottom: Combined N-body/HD simulation. The gray scale has the same meaning as in the top panels. The contours indicate the total gas
column density; each of the levels corresponds, starting from the innermost, to a logarithmic total gas column density (log[ Ngas/cm−2]) from 21.4 dex to 9.4
dex in steps of 0.4 dex. The warp of the disc is apparent, but there is no bar discernible. Note that the coordinate frame has its origin at the initial position of
M31’s centre of mass.
wood has revealed that the stellar disc in either model in isolation is
stable against bar formation. This stems from two factors: 1) The
radial profile of Toomre’s stability parameter Q, which is ≈ 2 in
the inner (R . 4 kpc) disc, but rises quickly to & 5 by R ≈ 8 kpc;
and 2) the value of its scaleheight, which is roughly a factor 1/5
of its scalelength; i.e., the disc is relatively warm and thick. These
findings are in agreement with Sellwood et al.’s conclusions.
The fact that our N-body model does develop a bar after the
close encounter with M31 is consistent with the idea that the in-
stability in an otherwise stable disc can be triggered by the tidal
interaction with another galaxy (e.g. Łokas et al. 2014). The fact that
the N-body/HD model does not feature a bar at the present epoch
demonstrates that, in the event of a tidal interaction, the presence
of gas may significantly alter the dynamical properties of the disc.
This may happen either because: 1) the gas increases the effective
value of Q at all radii (Romeo & Falstad 2013), thus adding stability
to the disc and preventing the formation of a bar from the outset; or
2) because gas flows towards the disc’s centre after the interaction,
thereby increasing the central mass concentration, and eventually
leading to the dissolution of an existing bar (Pfenniger & Norman
1990).
The simulated M33 in our N-body/HD run displays a warp both
in its stellar disc and in its gas disc (Fig. 4, bottom row), in qualitative
agreement with what is observed. It is interesting however that while
the warp of the gas disc and the stellar tidal streams roughly align
with each other along one projection (left panel), they appear anti-
aligned along a different one (right panel). These configuration
is likely particular to our initial orbital parameters and the spin
orientation of M33 relative to its orbit. Nonetheless, these results
highlight the complexity of the structure that results even in the
simplest of models.
van der Marel et al. (2019) argue, reasonably, that in lack if a
close encounter with M31, the stellar and gaseous warps and tails of
M33 cannot be the result of tidal forces exerted by M31. This in turn
poses a puzzle on the origin of M33’s disturbed morphology. They
discuss a number of alternative scenarios, among them the possibility
that M33’s disturbed structure may have arisen from the interaction
with a population of yet-to-be-detected low-mass companions (see
Patel et al. 2017, 2018). Here we have demonstrated, as have others
before us (e.g. McConnachie et al. 2009; Semczuk et al. 2018), that
these structures can naturally be explained within an interaction
scenario.
5 SUMMARY & FINAL REMARKS
We have shown that an orbital history featuring a close encounter
between M31 and M33 constrained by the central values of the Gaia
DR2 PM measurements exists, provided the effect of dynamical
friction and dynamical mass loss are self-consistently accounted
for. In addition to highlighting the importance of tidal stripping,
our orbital calculation shows that assumptions generally adopted
about the value of poorly constrained parameters (e.g., ) which
enter the semi-analytic calculation of the orbit do not necessarily
hold. In this respect, we stress the importance of N-body simulations
to validate the results obtained from the application of pure semi-
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analytic methods. This may imply the need to revisit previous orbital
analyses of galaxy pairs which have ignored dynamical mass loss
and/or the use of N-body simulations.
In view of the somewhat laborious steps involved in our orbit
calculation, we have refrained from performing an exploration of
the orbital parameter space allowed by the Gaia DR2 PM and their
associated uncertainty. Without such an analysis it is not possible
to make a statement about the statistical significance of our orbit.
Earlier studies (Patel et al. 2017) have shown that a light (< 1011 M)
M33 disfavours orbits featuring a close encounter with M31. We
have not explored the mass ranges they have for either M31 or M33;
rather, here we have adopted the intermediate (in terms of mass)
of their M33 models, and the heaviest M31 model they considered.
Based on Patel et al. (2017)’s extensive orbital analysis, van der
Marel et al. (2019) concluded that the Gaia DR2 PM exclusively
support orbital histories where M33 is on its first approach to M31.
The orbit presented here is at odds with this claim. Therefore, and
despite the lack of a statistical analysis of the allowed orbits, we
speculate that orbital calculations which adopt a heavier M33 or
use a different set of PM measurements (e.g. the weighted Gaia /
HST PM measurements; cf. van der Marel et al. 2019) would likely
yield many more orbital solutions that allow for a close encounter
between these galaxies.
Our present study and previous similar studies together demon-
strate that the two diametrically different orbit families, i.e., a first-
infall and one featuring a close encounter in the distant past (‘second
infall’) consistent with the Gaia DR2 PM are both in fact possible,
and further investigation beyond an orbital analysis is required to
discriminate between these scenarios. For instance, our calculations
show that a second-infall solution as the one presented here requires
M33 to have lost roughly half its mass to tidal stripping. In contrast,
a first-infall solution is consistent with an insignificant mass loss.
Therefore, inferring M33’s mass evolution over the last ∼ 8 Gyr
should prove a useful discriminant, albeit a hard one to infer. The
study of its present-day satellite population – provided it existed at
any epoch – could be used as a proxy for the analysis of its own
mass evolution as a way of constraining its orbital history (Patel
et al. 2018).
Despite the possibility of both orbit families, we find a wealth
of evidence firmly supporting the belief that M33 had a strong tidal
interaction with M31 in the past. This includes the disturbed stellar
morphology of M33 and its warped disc, its star formation history
(SFH), and the H i filament observed between these two galaxies.
Indeed, with no obvious perturber other than M31, it is difficult to
understand how M33’s disturbed structure came about to be (but see
Patel et al. 2018). Similarly, the idea that the M31-M33 H i filament
may result from the condensation of IGM gas, while not unreason-
able, may require very special conditions (e.g. Binney et al. 2009).
In contrast, a close encounter between these galaxies may naturally
explain these observations – at least qualitatively, as others have
argued before us (albeit using different orbital constraints, e.g., Mc-
Connachie et al. 2009; Semczuk et al. 2018, and less sophisticated
models, e.g., Bekki 2008).
Using infrared data, Javadi et al. (2017) found evidence for
two epochs during which M33’s star formation rate was enhanced
by a factor of a few, one of which started ∼6 Gyr ago and lasted
for ∼3 Gyr, producing more than 70 per cent of the total mass
in stars. The earliest event agrees with the age of the dominant
stellar population in the central region of M33 determined from
optical data (Williams et al. 2009). The epoch of the pericentric pas-
sage of M33 around M31 suggested by our orbital solution (∼ 6.5
Gyr ago) corresponds to a redshift z ≈ 0.75 in a 737-cosmology,
i.e., (h,Ωb,ΩΛ) = (0.7, 0.3, 0.7). This event just precedes the earli-
est episode of enhanced star formation in M33, suggesting it was
triggered by the close encounter between these galaxies (e.g. Mayer
et al. 2001).
In contrast to these observations, we have shown that M31’s
Giant Stellar Stream cannot be reproduced with a hydrodynamical
model for the infall of M33 onto M31 following an orbit with
a close encounter in the remote past. This is consistent with the
idea that the GSS is a structure created some ∼ 1 − 3 Gyr ago by
the direct collision of M31 with a companion featuring a range of
possible masses (∼ 109 −1011 M; Fardal et al. 2006; Hammer et al.
2018), and which we have not included in our model. Therefore,
the existence of the GSS and the plausibility of a close encounter
between M31 and M33 in the distant past are not mutually exclusive.
A corollary of our hydrodynamical model is the existence of
a yet undetected gas stream, the ‘Triangulum stream’, that trails
M33 as it falls towards M31. Even though this gas structure has not
been directly observed so far, a possibly associated, high-density
cloud may already be discernible in the 3D H i maps of gas in and
around M33 presented by Keenan et al. (2016, see also Putman
et al. 2009). We can think of a number of reasons why, if real,
this stream has not been detected yet. Our model suggests that the
stream is very diffuse with total gas column densities Ngas . 1018
cm−2. In addition, the gas along the stream could be highly ionised,
and its distribution could be clumpy (Bland-Hawthorn et al. 2017).
Therefore, the stream may have a neutral gas fraction that is too
low or too sparsely distributed to be observable with current radio
facilities as a result of their limited sensitivity.
Largely dependent upon ionisation fraction, deep observations
with FAST, such as the GAS, could potentially reach the required
sensitivity to look for the presence of the Triangulum stream. It is
worth noting that not even SKA1 will be as sensitive to extended
H i emission in the Local Volume. Other potential probes include
targeting QSOs behind the region around M33, imaging Hα beyond
its optical disc (Kam et al. 2015, see also Zheng et al. 2017 ), and
X-ray spectroscopy.
We conclude by pointing out some potential shortcoming of
our hydrodynamic model, and suggesting avenues for improvement.
First, we did not explore the role of different initial relative inclin-
ation of the galaxies play in the final configuration of the system.
M33 is observed to lie roughly along the minor axis of M31 (see
Lehner et al. 2015, their figure 1). This configuration is not faithfully
reproduced by our model. However, it should not be difficult to come
up with an initial relative orientation that broadly agrees with the
observed one. Secondly, the IGM in our simulation is perhaps too
diffuse compared to the Local Group IGM. In consequence, we may
have underestimated the ram pressure exerted by the intra-group
medium onto the gas streams which results from the motion of the
system’s barycentre through the IGM. Finally, we did not perform
a test for the convergence of our simulation results. However, in
Tepper-García et al. (2019) we demonstrated that the limiting res-
olution we have adopted here is enough to model the structure of
large-scale gas streams around galaxies. Nonetheless, in order to
properly model the small-scale distribution of gas in the streams –
in particular the Triangulum stream, may require a higher resolu-
tion. That said, we expect all of these to have an effect only on the
detailed structure of the tidal debris, but not on their large-scale fea-
tures. These model improvements, in addition to detailed ionisation
calculations necessary to quantify the H i content of the gas distri-
bution in and around the M31/M33 system, are all left for future
work.
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